constant of dimeric Mb [(1.01 ± 0.03) × 10 6 M −1 s −1 at 20 °C] was about twice larger than that of the monomer [(0.52 ± 0.02) × 10 6 M −1 s −1 at 20 °C], presumably due to the expansion of the channel between the Xe3 cavity and the solvent by the dimerization.
Introduction
Elucidation of the structure-function relationship of proteins is indispensable for understanding the molecular mechanism of proteins. Myoglobin (Mb) is a monomeric oxygen storage hemoprotein, which has been used as a model protein to study the structure-function relationship of proteins [1] [2] [3] [4] [5] . Mb consists of 153 amino acids with eight α-helices (A-H helices) and seven non-helical segments (Fig. 1a) [6, 7] . His93 of the F-helix coordinates to the heme iron (Fig. 1b) , whereas His64 of the E-helix creates a hydrogen bond with the bound oxygen and stabilizes the oxygenated form. Recently, we have shown that dimeric horse metMb forms a unique domain-swapped structure (Fig. 1c) [8] . Domain swapping is an oligomerization mechanism for proteins, where a protein molecule exchanges its domain or secondary structural element with another molecule [9] [10] [11] . Domain swapping has also been detected in other hemoproteins [12] [13] [14] [15] [16] [17] . In dimeric metMb, a new long α-helix is formed by the E and F helices and the EF-loop of the original monomer, and as a result His93 and His64 in the heme active site originate from different protomers (Fig. 1d) [8] . The relative positions of the amino acid residues were similar between the monomer and dimer except for the EF-loop. Interestingly, the O 2 binding rate constant (k on ) of the dimer was similar to that of the monomer, although the O 2 dissociation rate constant (k off ) was slightly smaller [8] .
Carbon monoxide (CO)-bound Mb (MbCO) has been frequently used as a model system for elucidating the ligand binding properties in detail, since MbCO is more stable than oxygenated Mb (MbO 2 ) [3, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The CO stretching (ν CO ) frequency of MbCO can be observed by infrared (IR) spectroscopy, and its frequency is a sensitive probe of the distal pocket environment [36, 37] . The major factor governing the ν CO frequency is not the steric hindrance but the electrostatic potential surrounding the CO [20] . Resonance Raman (RR) spectroscopy is a useful tool for elucidating the tertiary and quaternary structures of hemoproteins by monitoring the vibrational modes of the heme [2, [38] [39] [40] [41] [42] [43] [44] [45] [46] .
It has been reported that CO binds to sperm whale Mb much slower than O 2 [22] . The difference in the ligand binding kinetics of CO and O 2 have been attributed to the differences in the energy barriers for CO and O 2 on geminate rebinding and ligand escape to the solvent [47, 48] . Since the inner kinetic barrier for heme iron-CO bond formation is about twice as large as that of CO escaping to the solvent, the rate-limiting step for CO binding is the bond formation between the heme iron and CO [22, 48] . The quantum efficiency of CO photo-dissociation is very high for Mb [49] . Therefore, CO photo-dissociation of Mb has been used to investigate its ligand migration pathway [27] [28] [29] [30] [31] [32] 35] and protein structural changes during ligand binding [43, [50] [51] [52] [53] . It has been shown by time-resolved Laue crystallography that CO molecules are localized in Mb at its internal cavities (Xe1-Xe4) at nanosecond to millisecond time scale after CO photo-dissociation [27] [28] [29] . The pathway from the distal pocket to the Xe3 cavity including the Xe1, Xe2, and Xe4 cavities of Mb has been proposed as the major CO migration pathway at cryogenic temperatures [30, 31] . An alternative ligand binding pathway has been suggested for Mb by structure characterization with binding of large ligands [54] [55] [56] [57] and mutagenesis mapping experiments [58] [59] [60] , where the distal His64 creates a channel. Molecular dynamics study has also uncovered another possible ligand pathway with hydrophobic channels between the E and B or H and G helices [61] . To gain more information on the relationship between the active site structure and ligand binding properties in Mb, the CO binding properties were compared between monomeric and dimeric MbCO. The active site structure, as well as the protein dynamics after CO photo-dissociation, was similar between monomeric and dimeric MbCO. However, the k on value of CO binding for dimeric Mb was higher than that for the monomer. These results indicate that the CO migration property is different between the monomer and dimer, although the active site structure is similar between them.
Materials and methods

Preparation of monomeric and dimeric Mb
Dimeric horse metMb was prepared by the method reported previously [8] . After the dimeric metMb solution was filtered, dimeric metMb was purified by gel chromatography (HiLoad 26/60 Superdex75, GE healthcare) using a fast [8] , and adjusted to desired concentrations. The solution of purified dimeric metMb was degassed with a vacuum line and subsequently flushed with N 2 , followed by an anaerobic addition of dithionite (10 equivalents to metMb) under CO atmosphere. Monomeric horse metMb was prepared by dissolving horse heart metMb (Sigma) in the same buffer. Monomeric MbCO was prepared from monomeric metMb by the same procedure as dimeric MbCO.
Optical absorption and CD measurements
Absorption spectra were measured with a UV-2450 spectrophotometer (Shimadzu, Japan) at 20 °C using a 1-cm path-length quartz cell. Circular dichroism (CD) spectra were measured with a J-725 CD spectropolarimeter (Jasco, Japan) at 20 °C using a 0.1-cm path-length quartz cell.
FT-IR measurements
IR spectra of monomeric and dimeric horse MbCO were measured at room temperature with a Fourier transform (FT)-IR spectrometer (FT/IR-6100 TRV, JASCO, Japan) equipped with an MCT detector (SDU-6000MCT, JASCO, Japan). MbCO (500 μM, heme unit) in 50 mM potassium phosphate buffer, pH 7.0, was loaded to a gas-tight IRtransmittance 20 μm cell with CaF 2 windows and a Teflon spacer. After loading the sample to the cell, the cell was placed in the FT-IR spectrometer, which was purged continuously with N 2 . Spectral data were collected at 2-cm −1 resolution and averaged with 512 scans. The spectrum of MbO 2 was measured, and subtracted from that of MbCO. Gaussian fitting was performed using the Igor Pro ver. 6.0 program (WaveMetrics, Portland) for the ν CO band of MbCO, where the peak positions of the ν CO bands were fixed to the reported frequencies [20] .
Resonance Raman measurements
Nanosecond time-resolved RR measurements of monomeric and dimeric horse MbCO were performed at room temperature with two nanosecond-pulse lasers operating at 1 kHz. The probe pulse at 436 nm was obtained as the second harmonic of the output of an Nd:YLF-pumped Ti:sapphire laser (TU-L, Photonics Industries). The power of the probe pulse was set as low as possible (1.0 μJ/ pulse) in order to avoid ligand photolysis. The pump pulse at 532 nm was generated with a diode-pumped Nd:YAG laser (LR-SHG, Megaopto), and the power was adjusted to 185 μJ/pulse. The pulse widths of the pump and probe pulses were 20 and 25 ns, respectively. The delay time of the pump and probe pulse was −50 to 500 ns. The pump and probe beams were aligned collinearly using a dichroic mirror, and focused to the sample cell with spherical and cylindrical lenses. The timing between the pump and probe pulses was adjusted with a computer-controlled pulse generator (DG 535, Stanford Research Systems) with a GPIB interface. The time delay of the probe pulse with respect to the pump pulse was determined by detecting the two pulses with a photodiode (ET-2000, Electro-Optics Technology) placed before the sample point and monitored with an oscilloscope (Waverunner DS-4262, Iwatsu). The jitter in the delay time was within ±5 ns.
Monomeric and dimeric horse MbCO (75 μM, heme unit) solutions were transferred into an airtight 10-mm diameter NMR tube, which was spun with a spinning device designed to minimize the off-center deviation during rotation. The Raman scattered light was detected with a liquid N 2 -cooled charge-coupled device camera (Spec 10:400B/LN, Roper Scientific) attached to a custom-made prism prefilter (Bunko Keiki) equipped with a single spectrograph (iHR550, HORIBA). The spectra were calibrated using the spectra of cyclohexane and carbon tetrachloride. Gaussian fitting was performed using the Igor Pro ver. 6.0 program (WaveMetrics) for the γ 7 band after CO photodissociation of MbCO, where the peak positions of the γ 7 bands were fixed to 294.2 and 306.6 cm −1 for the monomer, and 292.7 and 306.6 cm −1 for the dimer. Monomeric and dimeric horse deoxyMb solutions were prepared by reduction of the corresponding metMb with dithionite (10 equivalents to metMb) under N 2 atmosphere. Monomeric and dimeric deoxyMb (monomer 75 μM; dimer 100 μM, heme unit) solutions were transferred into an airtight 10-mm diameter NMR tube, and the RR spectra were measured with the probe beam only.
Laser flash photolysis measurements
The concentration of monomeric and dimeric horse MbCO was adjusted to 8 μM (heme unit). The sample solution was transferred to a sealed quartz cell, which was filled with a mixture of CO and N 2 using a gas mixer (MX-3S, Crown, Tokyo). The partial pressure of CO was varied from 20 to 100 %. Each measurement was performed after incubation for at least 30 min at 20 °C to equilibrate Mb with CO. To obtain the rate constant of CO binding to deoxyMb, flash photolysis of MbCO was performed using the second harmonic (532 nm) of a Nd:YAG laser (Surelight I-10, Continuum, Santa Clara; pulse energy, 5 mJ; pulse width, 5 ns; pulse frequency, 10 Hz) for excitation. Time-resolved absorbance changes at 435 nm were measured at 20 °C with illumination from a Xe lamp orthogonal to the laser pulse and recorded on a digital oscilloscope (TDS 3012B, Tektronix, Tokyo), which received voltage signals from the photomultiplier attached to a monochromator (RSP-601-03, Unisoku, Osaka). The traces were obtained as averages of 32 pulses.
Results
No dissociation of domain-swapped dimeric horse Mb to monomers was observed in the size exclusion chromatogram for the solution after reduction of dimeric metMb with dithionite and subsequent binding of CO to Mb (Fig.  S1 ). These results show that dimeric metMb did not dissociate to monomers during preparation of MbCO, which allowed a further investigation of dimeric MbCO. The maximum wavelength of the MbCO Soret band at 423 nm did not change by the dimerization (Fig. 2a) . The wavelengths of the maximum absorbance of the Q-bands in the optical absorption spectra were the same between the monomer and dimer (Fig. 2a) . However, the intensities of the 208 and 222-nm α-helix-related negative bands in the CD spectra increased by the dimerization of MbCO. The increase in the α-helical content was estimated to be about 12 % (Fig. 2b) , which was a little higher than the value estimated from the crystal structure. These results indicate that the active site structure was similar between monomeric and dimeric MbCO, although the secondary structure was slightly different between them.
We measured the FT-IR and RR spectra of the monomer and dimer of MbCO and deoxyMb to investigate the environment of the distal pocket around the bound CO (Figs. 3 and S2) [20, 62] . The spectra obtained by addition of the deconvoluted Gaussian bands of the ν CO band fitted well to the spectra observed experimentally (Fig. 3) . The peak wavelengths of the deconvoluted ν CO bands were 1,932 and 1,944 cm −1 for both the monomer and dimer, whereas the area ratios of the bands at 1,932 and 1,944 cm −1 were estimated as 3:7 and 2:8 for the monomer and dimer, respectively. These results support the hypothesis that the environment of the distal pocket around the bound CO was similar between the monomer and dimer. The band observed at 220 cm −1 in the RR spectra of monomeric deoxyMb has been assigned to the heme ironHis93N ε stretching mode (ν Fe-His ) (Fig. 4a) [63, 64] . The ν Fe-His frequency of dimeric deoxyMb was also observed at 220 cm
. The band observed at 507 cm −1 in the RR spectrum of monomeric MbCO has been assigned to the Fe-CO stretching mode (ν Fe-C ) (Fig. 4b) [40] . The frequency of the ν Fe-C band also did not change by the dimerization of MbCO (Fig. 4b) . These results show that the Fe-His bond strength of dimeric deoxyMb and the Fe-CO bond strength ; cell pathlength, 20 μm; integration, 512 scans; temperature, room temperature of dimeric MbCO are similar to the corresponding bond strengths of the monomer.
Nanosecond time-resolved RR spectra after CO photodissociation for monomeric and dimeric MbCO were compared to investigate the difference in protein structural changes in the monomer and dimer (Fig. 5a, b) . RR bands were observed at 220, 304, and 342 cm −1 in the spectra of the CO-dissociated monomeric and dimeric Mb. The bands at 304 and 342 cm −1 have been assigned to the methine wagging out-of-plane (γ 7 ) and iron-pyrrole stretching inplane skeletal (ν 8 ) modes, respectively [40] . These characteristic bands of deoxyMb have been used to evaluate Plots of the peak area of the γ 7 band after CO photo-dissociation, together with the single exponential best-fitted curve. The peak areas are normalized by fixing the peak area at 50 ns to 1. Measurement conditions: Mb concentration (heme unit), 75 µM; buffer, 50 mM potassium phosphate buffer; pH, 7.0; temperature, room temperature the structural changes of the active site [40, 50, 51, 53] . The peak area of the γ 7 band changed gradually in submicrosecond order after CO photo-dissociation (Fig. 5c,  d ). The relaxation rate constant was obtained by exponential fitting of the γ 7 peak area (Fig. 5c, d inset) , where the rate constants were obtained as (5.2 ± 1.8) × 10 6 and (6.2 ± 1.1) × 10 6 s −1 for the monomer and dimer, respectively. Since the rate constants were similar between the monomer and dimer, the dynamics of the structural changes at the heme active site after CO dissociation were similar between the monomer and dimer, which was consistent with the results of the ν CO and ν Fe-C frequencies (Fig. 4) .
Carbon monoxide rebinding kinetics were measured as a function of CO concentration to investigate the CO binding properties of monomeric and dimeric Mb. About a half of MbCO reacted and the deoxy protein was produced by the photolysis according to the initial absorbance change. The observed rate constants (k obs ) increased linearly as a function of CO concentration, as expected for a simple rebinding phenomenon [19] . From the plots of k obs versus [CO] (Fig. 6) , k on is calculated using Eq. 1. ].
Discussion
The absorption spectrum of Mb exhibits characteristic Soret and Q-bands depending on its coordination structure [1] . The Soret and Q-bands of dimeric horse MbCO corresponded well to those of monomeric MbCO (Fig. 2a) . The ν CO bands were observed at 1,932 and 1,944 cm −1 and their intensity ratio was 3:7 for monomeric MbCO (Fig. 3a) , where similar frequencies and ratio have been reported for CO-bound sperm whale Mb [20] . The ν CO bands were also observed at 1,932 and 1,944 cm −1 and the intensity ratio of these bands was similar (2:8) for dimeric MbCO (Fig. 3b) . The frequency of the ν CO band reflects sensitively the environment around the bound CO in MbCO [20, 37] . Therefore, these results show that the heme coordination structure and the environment around the bound CO do not change by the dimerization of Mb. No significant difference in the frequencies of the ν Fe-His band in the deoxy form and the ν Fe-C band in the CO-bound form of Mb were observed between the monomer and dimer (Fig. 4) , indicating that the Fe-His and Fe-CO bond structures did not change by the dimerization. The time-resolved RR spectra after CO photo-dissociation showed that Mb adopts a metastable structure within a few picoseconds after CO dissociation, and the metastable structure may undergo structural changes in the submicrosecond time scale. The present study reveals the temporal change of the γ 7 band, which was not indicated in the previous study [43] . The metastable structure is characterized by exhibiting a higher γ 7 frequency compared to the deoxy form. The present timeresolved RR results indicate that monomeric and dimeric Mb form a similar metastable structure after CO photodissociation, and undergo similar structural changes with a similar kinetic constant (Fig. 5) . The RR results in addition to the absorption and FT-IR results show that the active site structure was similar between monomeric and dimeric Mb in solution. It is noteworthy that the active site structure and the protein structural dynamics after CO photo-dissociation were similar between monomeric and dimeric Mb, even though the E and F helices were exchanged between the protomers in the dimer.
The CO binding rate constant of the dimer was twice larger than that of the monomer, suggesting that the binding pathway is different between monomeric and dimeric Mb, although it has been reported that the k on value for O 2 binding is similar between them [8] . The positions of the amino acid residues of the distal pocket (Leu29, Phe43, His64, and Val68) were similar between monomeric and dimeric Mb (Fig. 7) . The positions of the side chains of Leu69, Leu72, Leu76, Leu89, His93, Leu104, Ile111, Leu135, and Phe138 located around the Xe1, Xe2, and Xe4 cavities were also similar between the monomer and dimer. However, the positions of Trp7, His82, and Leu137 located between the Xe3 cavity and the solvent were shifted by the dimerization of Mb (Fig. 7) . As a result, the channel of the ligand migration between the Xe3 cavity and the solvent is broadened in the dimer compared to the monomer. An increase in the size of a channel may make the ligand migrate faster among the cavities and solvent, and thus we attribute the increase in the k on value of CO binding by the dimerization to the expansion of the channel between the Xe3 cavity and the solvent. On the other hand, the k on value for O 2 binding of the dimer has been shown to be similar to that of the monomer [8] , despite of expansion of the channel. These results suggest that the properties of the ligand migration is different between CO and O 2 . The ligand pathway through the Xe1-Xe4 cavities may be more prominent in the migration of CO compared to that of O 2 , and the His64 gate may be the major migration pathway for O 2 [60] .
Comparison of the ligand binding properties between domain-swapped dimeric Mb and intrinsically tetrameric hemoglobin (Hb) may provide information on designing oligomeric proteins. The structure and ligand binding properties of both heme active sites of dimeric Mb were similar to those of monomeric Mb (Figs. 2, 3, 4, 6 and S2). Although the structure and ligand binding properties of the four heme active sites are similar in Hb, those of each heme site are affected by the structural change at other heme sites upon binding of a ligand, making Hb exhibit coorperativity [65] . The information of the structural change at the proximal site of a heme is transferred to the proximal site of other hemes in Hb [65] . However, dimeric Mb did not exhibit coorperativity, although the proximal site (His93) of each heme was connected directly with a long α-helix to the distal site (His64) of the other heme [8] . It may be difficult to transfer the information of ligand binding effectively through a single long α-helix (such as in dimeric Mb) compared to through the subunit surfaces (such as in Hb) [65] , since the propagation of structural change starting at each heme site upon binding of a ligand may be damped at the long α-helix due to its flexibility, making the other heme site maintain its structure.
In summary, the ν CO , ν Fe-His , and ν Fe-C frequencies were similar between monomeric and dimeric MbCO. The relaxation rate constant of the γ 7 band of Mb after CO photodissociation was also similar between the monomer and dimer. These results show that the active site structure of monomeric and dimeric MbCO was very similar. However, the CO rebinding rate constant of the dimer was twice larger than that of the monomer. The increase in the size of the channel between the Xe3 cavity and the solvent by the dimerization may allow CO to migrate faster from the solvent, and thus increase the k on value. The present results show that a spectroscopic investigation of dimeric Mb may provide new insights into the dynamics of Mb, owing to the similarity in the active site structure with that of the monomer with slight differences at the Xe3 cavity. 
